Introduction
Enantioseparation of chiral compounds, such as drugs, agrochemicals and food additives, has attracted considerable attention in the past two decades due to the different physiological and biological activities of enantiomers. [1] [2] [3] [4] In general, one enantiomer exhibits desirable therapeutic activity, while another one may exhibit less effects, antagonistic action, or even toxic effects. High-performance liquid chromatography (HPLC) based on chiral stationary phases (CSPs) has been one of the most common and efficient techniques for enantioseparation and the preparation of optical isomers. [5] [6] [7] The design and preparation of powerful CSPs with high chiral recognition ability, wide applicability and high stability are the core of the field related to HPLC enantioseparation. In recent decades, a variety of CSPs consisting of various chiral selectors (CS), such as polysaccharide derivatives, 8 cyclodextrin, 9 chiral crown, 10 and macrocyclic glycopeptides, 11 have been prepared. Among these CSPs, polysaccharide derivative CSPs are mostly widely used because polysaccharide is the most readily available chiral material and more than 90% of racemates can be well separated on these CSPs. 12, 13 Amylose, a kind of polysaccharide consisting of D-glucose units connected by α- (1, 4) glycosidic bond, has been modified by various functional groups and the derivatives are further processed into CSPs for enantioseparation.
14 These CSPs are usually prepared by physical coating or chemical bonding. Generally speaking, chemically bonded-type CSPs show poor enantioseparation ability compared with coated-type ones, because the regular higher order structure of the polysaccharide derivatives is destroyed particularly when a large amount of crosslinker is used to achieve high bonding efficiency. 12, 15, 16 Coated-type CSPs always exhibit good chiral recognition ability; however, due to dissolution or swelling properties of polysaccharide derivatives, these conventional CSPs can only be analyzed with rather restricted mobile phases. 17, 18 Therefore, the development of polysaccharide derivative CSPs with high chiral recognition ability and a universal solvent compatibility is highly desired.
Similar to cellulose in structure, chitin is an abundant natural optically active polymer consisting of N-acetyl-D-glucosamine units linked by a β- (1, 4) glycosidic bond. 19 Thus, chitin derivatives should be promising if they are employed as CSs for enantioseparation. However, few works in this area have been reported. [20] [21] [22] The first work concerning chitin derivatives used for chiral separation was reported by Okamoto and coworkers in 1984. 23 After that, chitin bis(arylcarbamate) derivatives were coated onto microporous organosilane-modified silica for enantioseparation of racemic compounds. exhibited a low chiral recognition ability, which might result from the low modification efficiency of hydroxyl groups. Precisely due to the low solubility of chitin derivatives in solvent, the CSPs of chitin derivatives will be practical in more mobile phases, and also exhibit good stability. Owing to the resistance of chitin derivatives against organic solvents and the excellent chiral recognition ability of amylose derivatives, the blend of these two optical active polymers used as a biselector should be promising for chiral separation.
In our previous works, many biselector CSPs were prepared from different chiral origins (cellulose and amylose, etc.). [26] [27] [28] [29] Some of these CSPs exhibited better enantioseparation performance than individual CSPs to some extent. Therefore, the above observed better enantioseparation capability and the strong solvent resistance of chitin derivatives encouraged us to explore the blend of amylose derivatives and chitin derivatives to enhance the stability and chiral separation ability of amylose derivative CSPs. To our knowledge, it is the first report about blending amylose derivatives and chitin derivatives to enhance the chromatographic performance of CSPs. Therefore, in this work, amylose tris(3,5-dimethylphenylcarbamate) and chitin bis(3-chloro-4-methylphenylcarbamate) were synthesized and then blended at different molar ratios. The blends were further coated on 3-aminopropyl silica gel to obtain biselector CSPs. The enantioseparation performance and the solvent resistance of those biselector CSPs were systematically evaluated by HPLC. Meanwhile, the single selector CSPs were also, respectively, prepared for the sake of comparison with biselector CSPs. The influence of composition of amylose tris(3,5-dimethylphenylcarbamate) and chitin bis(3-chloro-4-methylphenylcarbamate) in biselector CSPs on chiral recognition and elution order was also discussed.
Experimental

Chemicals and instruments
The chemicals and instruments used in this work are described in the Supporting Information section. Amylose tris(3,5-dimethylphenylcarbamate) (coded as I) was the product of the same batch prepared in the previous work. 26 
Synthesis of chitin phenylcarbamate
To activate chitin, a suspension of dried chitin (2.3 g) in DMAc (70 mL) was heated to 160 C refluxing for 1 h, and then cooled down. The activated chitin was filtered and washed with acetone several times, followed by drying in vacuum. LiCl (4.0 g) was added into DMAc (40 mL) with stirring and heated to 85 C to form a homogeneous solution, to which chitin (2.0 g) was then added and stirred for 24 h. Then, 3-chloro-4-methylphenyl isocyanate (5.2 g) and a catalytic amount of DMAP were added into the chitin solution. The reaction was continued for 48 h at 90 C. The resulting chitin phenylcarbamate derivative was isolated as the methanol-insoluble fraction, which was purified by reprecipitation using N,N-dimethylformamide (DMF) to dissolve the crude product and methanol as a precipitating agent. Chitin bis(3-chloro-4-methylphenyl carbamate) (5. 
Preparation of chiral stationary phases
The structures of the prepared polysaccharide derivatives and the preparation scheme of the CSPs 1 -5 are shown in Fig. 1 .
In brief, 3-aminopropyl silica gel was prepared by the reaction of dried silica gel and 3-aminopropyltriethoxysilane.
14 Amylose tris(3,5-dimethylphenylcarbamate) (0.68 g) was accurately weighed and dissolved in 30 mL DMF at 60 C for 16 h. The above solution was coated onto 3-aminopropyl silica gel (2.70 g) three times with a rotary evaporator in vacuum at 75 C to yield CSP 1.
CSP 2 was prepared with chitin bis(3-chloro-4-methylphenylcarbamate) in the same manner used to prepare CSP 1.
Chitin bis(3-chloro-4-methylphenylcarbamate) (0.33 g) and amylose tris(3,5-dimethylphenylcarbamate) (0.37 g) were blended at a molar ratio of 1:1 in DMF (30 mL), and the blend was named blend 1. CSP 3 was prepared by coating the solution of blend 1 on 3-aminopropyl silica gel (2.80 g) using the method to prepare CSP 1. CSPs 4 and 5 were prepared by the same method to prepare CSP 3 with blends 2 and 3, where the molar ratios of chitin bis(3-chloro-4-methylphenylcarbamate) and amylose tris(3,5-dimethylphenylcarbamate) were 1:4 and 1:9 respectively. The total amount of chiral selector coated on CSPs 1 -5 was 20% by weight.
Column packing and chromatographic parameters
CSPs 1 -5 were suspended in a mixture of isopropanol (10 mL) and n-hexane (20 mL), and then sonicated for 2 min to form slurries. The slurries were packed into the stainless steel HPLC empty columns (250 mm × 4.6 mm i.d.) under a pressure of 5800 psi by Alltech Model1666 slurry packer, using n-hexane as the displacer solvent. The numbers of theoretical plates per meter of the columns were 17000 -28000 for biphenyl using n-hexane/isopropanol (90/10, v/v) as the eluent at a flow rate of 1.0 mL/min. Then, 1,3,5-tri-tert-butylbenzene was used as the non-retained compound for estimating the dead time (t0) under the same condition as column efficiency determination.
The chiral analytes solutions were prepared by dissolving the analytes in ethanol (1 mg/mL) and filtered through 0.22 μm filters. All of the mobile phases were filtered and degassed before use. The column temperature was set at 25 C, and the flow rate was set at 1 mL/min for all analyses. All enantioseparations were measured at the wavelength where chiral analytes absorb most.
Results and Discussion
Chiral recognition capability of CSPs 1 -5
Chiral analytes 1 -36 (Fig. S1 , Supporting Information) were used to evaluate the enantioseparation performance of CSPs 1 -5. Chromatographic data of the chiral compounds resolved by CSPs 1 -5 at the conditions of n-hexane/isopropanol (90/10, v/v) and n-hexane/ethanol (90/10, v/v) are presented (Table S1 , Supporting Information). Numbers of chiral recognition and baseline separation of chiral analytes resolved by CSPs 1 -5 in different conditions were counted (Figs. S2 and S3, Supporting Information). The numbers of chiral recognition and baseline separation of chiral analytes resolved by the biselector CSPs 3 and 4 with different mobile phases mostly intermediated between those of single selector CSPs 1 and 2. It could also be found that the range of chiral recognition towards analytes was broadened by the biselector CSPs.
As shown in Table S1 (Supporting Information), the resolution of most chiral analytes such as 1, 12, 18, 20 and 27 on CSPs 3 -5 intermediated between that on two individual CSPs at the same separation condition. This tendency was consistent with the reported conclusion. 30, 31 However, some racemates, such as 18 and 30, could be baseline separated. For example, analyte 18 was separated by biselector CSPs 3 -5 with the resolutions of 2.95, 3.48, 4.38, respectively, but it was not recognized by single selector CSPs 1 and 2 in the same mobile phase (Fig. 2) . In addition, the resolution was changed with the variation of the ratios between the two single chiral selectors in biselector CSPs 3 -5. For example, the resolution of chiral analyte 5 in n-hexane/isopropanol (90/10, v/v) was 1.37 on CSP 1 and 1.77 on CSP 2, while it was 2.11, 0 and 1.05 on CSPs 3 -5, respectively. All these results indicated that the change of selector composition might influence the resolution of chiral analytes on biselector CSPs, and the suprastructure of the chiral selectors might be changed more or less by blending chitin bis(3-chloro-4-methylphenylcarbamate) and amylose tris(3,5-dimethylphenylcarbamate), which further resulted in the change of the resolutions. 30, 31 The chromatographic data of chiral analytes separated by CSPs 1 -5, which were obtained in optimal conditions, are also summarized in Table S2 (Supporting Information). As can be seen in Table S2 , in comparison with biselector CSPs, the enantioseparation performance of the single selector CSP of amylose derivative (CSP 1) was decreased, while that of the single selector CSP of chitin derivative (CSP 2) was enhanced. For instance, chiral analyte 32 was not recognized by CSP 2, however, it was recognized by biselector CSPs 3 -5 and moreover was baseline separated by CSPs 4 and 5. Moreover, the resolution of chiral analytes 20 and 30 on CSPs 3 -5 was much higher than those on CSPs 1 and 2. The resolution of chiral analyte 30 was 2.71 on CSP 1 and 0.10 on CSP 2, however, it was up to 5.32 on CSP 3, 8.47 on CSP 4 and 6.60 on CSP 5 (Fig. 3) .
The improvement of enantioseparation capability of biselector CSPs might result from the same elution order of the analytes on two individual selectors. In this case, the two selectors on CSPs 3 -5 worked in a coordinative manner that promoted the resolutions. Since the component and content of chiral selectors might influence the suprastructures of blended polymers, and further influence the chiral separation performance, it was difficult to illuminate the recognition mechanism of the blended polymer on CSPs until now.
Comparison of CSPs tolerance toward organic solvent
Often, n-hexane/isopropanol and n-hexane/ethanol are used as mobile phases in normal phase chromatography for coated-type CSPs of polysaccharide derivatives. The enantioseparation of the chiral analytes on CSPs 1 and 2 in different statuses was also investigated (Table S3 , Supporting Information). Initially, the column of CSP 1 or CSP 2 was analyzed with a mobile phase of n-hexane/isopropanol (90/10, v/v), and initial separation parameters were obtained (named status A). The column was then analyzed with a series of mobile phases of n-hexane/ isopropanol (95/5, 70/30, 50/50, v/v) and n-hexane/ethanol (95/5, 90/10, 70/30, 50/50, v/v) towards the same samples used initially, and finally was analyzed with n-hexane/isopropanol (90/10, v/v) again (named status B) in order to determine whether CSP 1 or CSP 2 inside the column had been damaged or not. As can be seen in Table S3 , there are 12 analytes whose change amplitude of resolution was above 0.2 before and after CSP 1 tolerated those mobile phases. There were only three analytes (5, 22, 24) whose change amplitude of resolution was above 0.2 before and after CSP 2 tolerated those mobile phases. On the basis of the above data, we can conclude that the enantioseparation performance of CSP 2 nearly remained unchanged before and after this CSP tolerated those mobile phase. However, the enantioseparation performance of CSP 1 significantly changed, which revealed that the amylose derivative might swell in an isopropanol or ethanol-containing mobile phase. The swelling property of amylose derivative caused the change of the derivative conformation, and further led to the change of the resolution of chiral analytes. In addition, the retention factor of most analytes on CSP 1 and CSP 2 in status B was lower than those in status A. This phenomenon indicated the interactions between chiral analytes and CSPs were decreased after CSPs suffering the elution of a series of mobile phases. The possible reason might be that the polymer chain expanded much more when it was flushed with mobile phase. The expanded polymer chain might result in the decrease of interactions (hydrogen bonding interactions, π-π interactions, etc.) between chiral analytes and CSPs, and further cause the decrease of retention factor. Table S4 (Supporting Information). As can be seen in Table S4 , the numbers of chiral recognition and baseline separation of chiral analytes on CSPs 3 -5 were almost unchanged after they suffered from the elution of a series of mobile phases. In terms of resolution, there were six analytes on CSP 3, seven analytes on CSP 4, and four analytes on CSP 5, whose change amplitude of resolution was above 0.2. Thus, the biselector CSPs not only maintained a good recognition capacity of amylose derivative CSP to some extent, but also improved its stability in some organic solvents. The retention factor of most analytes on CSPs 3 and 5 in status A was higher than those in status B, while the change tendency on CSP 4 was reverse. The reverse tendency might be related to the difference in suprastructural variation of the two blends on the biselector CSPs after they tolerated a series of mobile phases. Relative to status B, the change of the blends on CSPs 3 and 5 in status A might benefit the interactions between the chiral selector and analytes, which brought about the longer retention time. On the contrary, the change of the blend on CSP 4 in status A might impair the interactions between the chiral selectors and analytes generating the shorter retention time.
Influence of organic additive on separation performance of CSPs
In order to verify the stability of CSP 2, ethyl acetate was used as an organic additive to the mobile phase to test the change of chromatographic parameter of CSP 2. Table S5 (Supporting Information) presents the chromatographic results of the analytes resolved by CSP 2 in the mobile phase of n-hexane/ isopropanol (90/10, v/v) at different statuses C and D. From Table S5 , it can be found that the numbers of chiral recognition and baseline separation on CSP 2 are 12 and 6 in status C, while there are 12 and 8 in status D. In Table S2 , the numbers of chiral recognition and baseline separation on CSP 2 are 11 and 8 in status A. Based on these results, the enantioseparation capacity of CSP 2 seemingly decreased slightly after being run in an ethyl acetate-containing mobile phase. However, the enantioseparation capacity was restored after CSP 2 was flushed with isopropanol for several hours, which was confirmed by the separation of analyte 20 on CSP 2 in different statuses (Fig. 4) . Therefore, this fact reflects that the chitin derivative swelled very little in the mobile phases of n-hexane-alcohol, and its separation performance could be restored after it was preconditioned by isopropanol if CSP 2 had worked in an ethyl acetate-containing mobile phase. All these results revealed the satisfactory resistance against solvents and the good stability of the chitin derivative.
Enantiomer elution order of chiral analytes on CSPs
The elution orders of the chiral analytes separated by the CSPs are also shown in Table S2 . The R-enantiomer of most analytes was first eluted from CSP 1, whereas the S-enantiomer was first eluted from CSP 2. For biselector CSPs, the elution order depended on the composition and interaction between individual selectors, and was seemingly dominated by the individual selector that provided a higher resolution. Similar results were also found and explained in the previous work. 26 For example, analyte 29 was baseline separated by CSP 1, and the R-enantiomer was first eluted. This analyte was not yet recognized by CSP 2. Notable was that analyte 29 was separated by CSP 3 with an increased resolution and in the same elution order as that in the separation on CSP 1. Therefore, the two selectors might work in a coordinative way during the separation of analyte 29.
The 1 H NMR spectra of the R/S-enantiomer of analyte 24 in DMSO-d6 was shown in Fig. 5 , in which the peaks approximately at 8.72 ppm are designated to the proton of the amide (named H1), and the peaks at 5.17 ppm correspond to the proton on the chiral center (named H2). Comparing A, B, C and F, it can be found that H1 peaks of the R-and S-enantiomers both shifted downfield, and H1 peaks of the R-enantiomer shifted noticeably more than the peaks of the S-enantiomer, meaning that the R-enantiomer interacted stronger with blend 1 than the S-enantiomer. The same conclusion can be drawn comparing I, II, III and VI. Comparing A, D, E and F, H1 peaks of the R-enantiomer upfield shifted by 12 Hz, and the peaks of the S-enantiomer only downfield shifted by 4 Hz, implying that the R-enantiomer interacted stronger with blend 2 than the S-enantiomer. The same trend can be found by comparing I, IV, V and VI. Therefore, the R-enantiomer should be eluted later from CSPs 3 and 4 during the enantioseparation. But it was eluted first (Fig. S4, Supporting Information) . The reason for the inconsistence between the reasoning and the chromatographic result is most likely that the solvent used for 1 H NMR measurement was different from the one used as the chromatographic mobile phase.
Conclusions
In this work, a novel method to improve the stability and solvent resistance of coated-type CSPs of amylose derivative was developed through blending chitin and amylose derivatives, in which the resulting blend was employed as chiral selector. Amylose tris(3,5-dimethylphenylcarbamate) and chitin bis(3-chloro-4-methylphenylcarbamate) were blended at different ratios to obtain three biselector CSPs. In comparison with the single selector CSP of amylose tris(3,5-dimethylphenylcarbamate), the change in chiral recognition capacity of biselector CSPs were not very noticeable, while the stability and solvent tolerance were obviously improved. Taking the recognition mechanism into account, the enantioseparation of biselector CSPs might not only rely on the elution orders of analytes resolved by single selector CSPs, but also the suprastructural variation caused by the interaction between amylose tris(3,5-dimethylphenylcarbamate) and chitin bis(3-chloro-4-methylphenylcarbamate).
The two selectors on biselector CSPs might work in a coordinative or an anticoordinative way depending on the structure of an analyte to be separated. In a word, it is promising and valuable to prepare novel CSPs by blending method that can improve the chromatographic performance of CSPs for chiral separation.
